A pressure plethysmograph for measuring respiratory volume in mice during exposure to virus aerosols is described. The respiratory frequency and tidal volume were measured, and from these data the minute ventilation was calculated. The mean respiratory frequency of adult, male mice was 255 per min; the mean tidal volume of 0.18 ml was inversely related to respiratory frequency. The standardized mean minute ventilation rate was 1.46 ml per g of body weight. The respiratory frequency and tidal volume of CD-1 and HA/ICR strains of mice of the same age were similar. The respiratory retention rate for a 2.7-jsm aerosol of vesicular stomatitis virus was 41%, and 58% of the virus retained was found in the trachea and lung.
The pathogenesis of aerosol-induced respiratory infection in animals is influenced significantly by the number of microbes retained in the respiratory tract and by their anatomic site of deposition. These factors are influenced by a variety of respiratory parameters, particularly the total respiratory volume, respiratory frequency, and tidal volume during exposure. Ordinarily, in the past when mice were used in studies in which the exposure dose of microorganisms was estimated, either the respiratory volume was assumed to be that reported in a previous investigation or it was disregarded. In either instance, an experimental error was introduced because of interanimal variability of respiratory parameters which may make the interpretation of the experimental results more difficult.
Most studies requiring information on respiratory volumes in mice utilize the data reported by Guyton in 1947, which he obtained by an oscillographic respirograph method (4). Guyton's technique, however, is not appropriate for concurrent exposure to dynamic viral aerosols. Other less commonly used techniques for measuring respiratory volume, including valve (4) and stroboscopic methods (6) , have been adapted to mice, but they have not been widely employed.
I Send reprint requests to: National Environmental Research Center, Research Triangle Park, N.C. 27711 . 812 A technique for measuring respiratory volume in mice during exposure to viral aerosols was developed at this laboratory. The technique utilizes a pressure plethysmograph which is similar to the plethysmograph that has been used extensively on guinea pigs, rabbits, and man for aero-toxicological studies (1, 7) . This paper describes this apparatus and its use for measuring respiratory frequency and tidal volume of mice; thus, a method of calculating the respiratory volume per unit of time is provided. The respiratory retention rate and anatomic site of deposition of virus particles were also determined in the mice exposed to virus aerosols.
MATERIALS AND METHODS Animals. The mice used were male, random bred, albino, Swiss-Webster strain (Charles River Mouse Farms, Wilmington, Mass.) or the HA/ICR strain (A. R. Schmidt, Madison, Wis.). Their ages and weights ranged from 5 to 10 weeks and 28 to 39 g, respectively.
Plethysmograph. The plethysmograph was essentially a tube 3 cm in diameter by 9 cm long consisting of a stainless-steel frame supporting an open wiremesh screen which was encompassed by a glass cylinder 5 cm in diameter (Fig. 1) . Two taps were inserted in the posterior end of the tube for connection to a pressure transducer and calibration of the apparatus. After 2% fetal bovine serum, and 0.6% agarose. After a 48-hr incubation at 36 C in a humidified, 5% CO2 atmosphere, the plates were fixed with Formalin, the overlay was removed, and the cells were stained for several minutes with 1% crystal violet. The viral plaques were 2 to 4 mm in diameter and were readily counted. The infectivity of this virus pool was 2.5 x 107 plaque-forming units (PFU) per ml.
Virus aerosolization. A schematic of the aerosol apparatus is presented in Fig. 2 . A Plexiglas-stainless steel tube 10 inches (25 cm) in diameter with ports for the plethysmograph and virus aerosol sampling was installed inside a stainless-steel chamber which serves as a hood. The volume of the aerosol chamber was 45 liters. Air flow through the apparatus was controlled by an exhaust fan and was maintained at 28 liters/min during the virus aerosol exposure. The air flow was under a slight negative pressure as a safety feature during the few seconds when the system was open to allow insertion and removal of animals. All contaminated air was passed through an absolute filter and exhausted to the outside air.
The virus aerosol was generated with a collisiontype vaponephrin nebulizer operated under 10 psi of pressure and an air flow of 6 liters/min. This air was mixed with secondary filtered air whose temperature and relative humidity were controlled at 23 + 1 C and 60% relative humidity i 5%. The virus aerosol was generated for 3 min prior to animal exposure to allow the virus aerosol concentration to equilibrate.
The virus concentration was determined by an impingement method of aerosol sampling, and the virus aerosol size distribution was determined with an Andersen sampler by techniques described previously (2, 9) .
Mice were exposed to the virus aerosol for 6 min. Immediately after virus exposure, the mice were killed rapidly with an intraperitoneal injection of sodium pentobarbital. The lung, trachea, nose, and head were obtained aseptically for virus isolation studies. The skin was removed from the head, and the anterior nares were separated from the skull at the median canthus of the eye. The remainder of the skull, less the brain, was regarded as the nasopharynx. All specimens were obtained within 15 min after cessation of virus aerosol exposure.
The specimens were ground in Ten-Broeck grinders in phosphate-buffered saline (PBS); the homogenate was chilled in an ice bath, followed by sonic treatment for 15 sec with a Bronwill sonic disintegrator microprobe operated at 30,000 cycles/sec. Preliminary experiments indicated that under these conditions VSV infectivity was not affected. The concentration of virus in each specimen was determined by a plaque assay technique in L929 mouse fibroblast cultures as described in the virus section above. Three plates were inoculated with a 0.2-ml volume of specimen. The total virus concentration in each tissue was determined after adjustment for total specimen volume. RESPIRATORY VOLUME OF VIRUS-EXPOSED MICE mation to the plethysmograph was characterized by an initial decline in both groups of mice during the first 20 min; this decline was followed by stabilization (Fig. 4b) . The interanimal variability in tidal volume was substantial. For example, after 30 min in the plethysmograph, the tidal volume ranged between 0.15 and 0.26 ml and 0.14 and 0.26 ml for CD-1 and HA/ICR mice, respectively. The time course of minute ventilation in these mice, standardized for their body weight, clearly indicates that the values declined for a short time after insertion of the mice into the plethysmograph, but stabilized after 20 min (Fig. 4c) Virus aerosol sampling. The particle size distribution of the virus aerosol was determined during three experiments because droplet size in which virus is contained is an important factor that influences the site of deposition in the respiratory tract. The virus aerosol sizE distribution shown in Fig. 5 is log (5) . These retention rates are not, however, directly comparable to the rate observed in this study, because the mean particle size of the VSV aerosols was 2.7 gm. A greater retention rate for particles of this size would be expected because, at least in other animals including the guinea pig, monkey, and man, the total retention rate of viable or nonviable particles increases as particle size is increased between 1 and 3 Am (5, 8) . The retention rate of 2.5-Am B. subtilis particles in the guinea pig is 54% (5) . Therefore, the total retention rate in mice of viable particles of approximately the same size appears to be similar to that in this animal.
The retention rate of VSV in the upper respiratory tract of mice (42%) is also similar to the rate previously reported (54%) for 2.5-Am nonviable particles in the same anatomic site in guinea pigs (5) . The retention rate determined on the basis of the actual respiratory volume measured during the virus aerosol exposure was less than that retention rate determined on the basis of the minute ventilation values observed by Guyton (4) . This overestimate is explained because the respiratory volume of our mice was approximately 20% greater than for Guyton's mice.
This plethysmograph provides a method whereby the respiratory volume of the mouse can be determined during exposure to infectious aerosols. The inhaled dose of infectious aerosols can be accurately determined, and an important source of variability caused by substantial differences in respiratory volume can be recognized and taken into account. In our experience, the interanimal variation in minute ventilation in mice may be as great as a factor of 4. In infectious disease models such as murine influenza, in which severity of infection, measured in terms of pneumonia, is closely related to inhaled dose of influenza virus (G. A. Fairchild and J. Roan, Arch. Environ. Health, in press), interanimal variation in respiratory volume may be a large source of experimental variability in the quantity of pneumonia which develops in groups of mice exposed to the same viral aerosol. To the extent that variations in respiratory volume can be taken into account, a reduction in this source of experimental error will increase the sensitivity of the infectious disease model system. Similar limitations apply when the effects of other inhaled agents are investigated in mice; this apparatus may prove to be useful in those studies as well. 
